maximum concentration of 795.6-3742.6 and 493.3-3746 ng/mL, half-life of 1.7-5.9 and 2.3-6.9 h, and 0-12 h area under the curve of 4518.7-20,781.4 and 1987.7-22,171.2 ng h/mL. Plasma tocotrienols were significantly increased after VEDT administration, indicating oral bioavailability of VEDT in humans. Plasma and urine levels of metabolites, δ-carboxyethyl hydroxychroman, and δ-carboxymethylbutyl hydroxychroman were elevated after VEDT administration in a dose-dependent manner and were 30-60 times significantly higher than δ-tocotrienol levels. VEDT can be safely administered at doses up to 1600 mg twice daily. Plasma VEDT concentrations were comparable to those obtained in VEDT-treated mice in which tumor growth was delayed. Conclusions Our results suggest that VEDT can be safely consumed by healthy subjects and achieve bioactive levels, supporting the investigation of VEDT for chemoprevention.
Introduction
Interest continues to increase regarding the role of nutrition and specific dietary factors in the cause and prevention of cancer. Both tocopherols and tocotrienols belong to the family tocochromanol compounds that constitute vitamin E [2] . Tocotrienols are differentiated from the tocopherols by the degree of saturation at the side chains, having three double bonds at carbon 3, 7, and 11, whereas tocopherols have saturated phytyl side chains. Tocotrienols are naturally occurring vitamin E compounds with antioxidant, neuroprotective, and anticancer properties. They occur in four chemical forms (α-, β-, γ-, and δ-tocotrienol) and are
Abstract
Purpose Vitamin E delta-tocotrienol (VEDT) has demonstrated chemopreventive and antineoplastic activity in preclinical models. The aim of our study was to determine the safety and pharmacokinetics of VEDT and its metabolites after single-and multiple-dose administrations in healthy subjects. Methods Thirty-six subjects received from 100 to 1600 mg of oral VEDT as a single dose or twice daily for 14 consecutive days. A 3 + 3 dose escalation design was utilized. Pharmacokinetic data were derived from high-performance liquid chromatography (HPLC) assays. Serial blood and urine samples were collected before and during VEDT administration, with serum and urine metabolites assessed using HPLC. Results No drug-related adverse events were observed. Pharmacokinetic parameters for single and multiple doses were, respectively, as follows (shown as range): time to maximum concentration of 4-9.3 and 4.7-7.3 h, abundant in cereal grains, including oats, soybeans, rice bran, and palm oil [12] .
Alpha-tocopherol is the most abundant vitamin E in food and is involved in scavenging free radicals generated in the membranes of cells during lipid peroxidation. Because free radicals play a role in carcinogenesis, heart disease, neurodegeneration, and aging, α-tocopherol has been extensively investigated. Unfortunately, randomized control trials of α-tocopherol in prevention of cancer have demonstrated no benefit or a paradoxical increase in the incidence of lung and prostate cancers [1, 14] . However, recent evidence suggests that tocotrienols have more potent anticancer activity than tocopherols. We have previously investigated the role of vitamin E δ-tocotrienol (VEDT) in prevention and treatment of pancreatic cancer and have demonstrated that VEDT is the most potent vitamin E compound [11] . VEDT induces apoptosis and inhibits the growth of pancreatic cancer in vitro and in vivo. In addition, it augments the anticancer activity of gemcitabine, possibly by suppressing NF-kB activity [11] . The available data for safety and bioavailability of pure form of vitamin E are lacking [5] .
Here, we report on two phase I pharmacokinetic studies that our group conducted to determine the safety and tolerability of single-dose and multiple-dose administration of VEDT in healthy volunteers. Vitamin E metabolites were also measured in patient blood and urine samples.
Materials and methods

Study design
Protocols of both phase I trials (single-dose and multipledose administration of VEDT) were approved by our institutional review board. All participants provided written inform consent, and the study was conducted in accordance with the applicable guidelines on Good Clinical Practice.
Our primary objectives were to characterize the safety and tolerability of VEDT at different doses administered orally one time (single dose) or twice daily for 14 consecutive days (multiple dose) in healthy subjects. Secondary objectives included evaluating the pharmacokinetic and pharmacodynamic markers. A standard 3 + 3 dose escalation design was utilized for this study. Dose-limiting toxicity was defined as any grade 2 or higher treatment-related non-hematologic adverse event. For hematologic toxicity, grade 2 or higher neutropenia or thrombocytopenia lasting for >7 days or neutropenic fever was considered dose-limiting toxicities. Adverse events were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0.
Participants received the study drug at doses of 100, 200, 300, 400, 800, and 1600 mg as a single dose or twice daily for 14 days. On the first day of dosing, patients were monitored for toxicity and provided pharmacokinetic samples for 12 h after study drug administration. Urine samples were collected on day 1, 8, and 14 prior to VEDT dosing. Routine hematologic (complete blood count and coagulation) and biochemical analyses (comprehensive metabolic profile and lipid profile) were performed before VEDT administration on day 1, day 8, day 14, and on follow-up visit (7 days after last treatment). Participants were monitored for toxicities throughout the study period.
Study participants
Healthy adult subjects were included in the study. Inclusion criteria included ages >18 years; an Eastern Cooperative Oncology Group performance status of 0 or 1; ability to give written informed consent; adequate organ function defined by serum creatinine <1.5 mg/dL or calculated creatinine clearance >60 mL/min; bilirubin, alanine aminotransferase, and aspartate aminotransferase levels within institutional normal range; absolute neutrophil count >1000/mm 3 ; platelet count >100,000/mm 3 ; and ability to understand and comply with the requirements of the protocol. Sexually active subjects (male and female) agreed to use medically acceptable methods of contraception during the course of the study, and female subjects of childbearing potential had to have a negative pregnancy test at screening. Exclusion criteria included inability to swallow capsules; receiving concomitant investigational therapy or 30 days prior to the first dose of the study medication; prior malignancies within 5 years except squamous or basal cell cancer; major surgery within 30 days; active infection or fever >38.5 °C within 3 days prior to the first dose of study drug; uncontrolled intercurrent illness, including but not limited to, ongoing or active infection, hypertension, symptomatic congestive heart failure, unstable angina pectoris, cardiac arrhythmia, or psychiatric illness/social situations that would limit compliance with study requirements; and pregnancy or breastfeeding. Subjects were not allowed to take vitamins, herbal remedies, or non-prescription medications during the study.
Pharmacokinetic methods
Blood samples were collected for pharmacokinetic analyses before and after administration of VEDT at the following time intervals: 0.5, 1, 2, 4, 6, and 12 h. In addition, samples were collected on day 8 and day 14 prior to dosing for the multiple-dose trial. VEDT concentrations were determined in plasma by high-performance liquid chromatography (HPLC). This work was conducted by our institution's Clinical Pharmacology Laboratory of the Translational Research Core. The method was validated according to ICH/FDA guidelines. Calibration and quality control samples were made by adding known amounts of VEDT to plasma. VEDT was extracted from plasma utilizing protein precipitation with an acetonitrile and tetrahydrofuran mixture. These extracts were then transferred to solid-supported liquid extraction plates, and elution was carried out by hexane. Plasma extracts in hexane were evaporated to dryness to concentrate the samples. Samples were reconstituted with hexane to ready them for injection.
Samples were injected into an Agilent Technologies (Palo Alto, CA) 1100/1200 liquid chromatography system coupled to a fluorescence detector for capturing peaks of interest. A Zorbax (Agilent) pure silica, normal-phase chromatographic column was used. The mobile phase was hexane:isopropanol (99:1).
Chromatographic peaks were integrated by Agilent Technologies Chemstation software (version B.03.02). Linear regression was used to form the calibration curve from calibration standards, quality controls were checked against the regression line, and unknowns were plotted for back calculation of the patients' raw concentrations. The calibration of VEDT is linear in plasma from 5 to 1000 ng/mL. Inter-and intra-assay variability was <11 % with a relative mean error of <9.4 %.
Pharmacokinetic data for VEDT were formulated from raw concentration data from the HPLC assays. The area under the curve (AUC) for the dosing interval, AUC to infinity, maximum concentration (C max ) and time to maximum concentration (T max ), volume of distribution, and clearance were determined.
Measurement of tocopherols, tocotrienols, and metabolites
Measurements of tocopherols, tocotrienols, and metabolites were performed (at Rutgers University) for participants in the multiple-dose trial only. For analysis of tocopherols and tocotrienols, a modified procedure from our previous method was used [6] . The serum sample (20 µL) was mixed by vortexing with 80 µL of 0.1 % ascorbic acid and 100 µL of ethanol. The mixture was extracted twice with 1 mL of hexane. The combined hexane extract was dried in a Savant Speedvac SC110 centrifugal vacuum concentrator (Thermo Scientific, Waltham, MA). The residue was redissolved in 100 µL of methanol and injected onto HPLC. The HPLC system used a Supelcosil C18 reversedphase column (150 mm × 4.6 mm inner diameter; particle size, 5 μm). The mobile phase was an isocratic aqueous solution containing 52 % acetonitrile, 39 % ethanol, and 15 mM of lithium acetate, pH 4.0, which was run at 1 mL/min for 30 min. For analysis of short-chain metabolites, serum (20 μL) was mixed with 80 µL of 0.1 % ascorbic acid, 100 µL of 0.1 M sodium acetate (pH 5.0), 20 µL of sulfatase (20 U), and β-glucuronidase (600 U). After incubation at 37 °C overnight, samples were extracted twice with 1 mL of ethyl acetate. The dried ethyl acetate extract was redissolved in 100 µL of 40 % aqueous methanol and analyzed using HPLC. Urine (10 μL), 90 μL of 0.1 % ascorbic acid, 100 μL of 0.1 M sodium acetate (pH 5.0), 20 µl of sulfatase (20 U), and β-glucuronidase (600 U) were mixed and incubated overnight at 37 °C. Samples were extracted with 1 mL of ethyl acetate and analyzed the same way as serum short-chain metabolites using HPLC. For HPLC, the mobile phase consisted of solvent A composed to 28 % acetonitrile and 4 % methanol and solvent B composed to 84 % acetonitrile and 13 % methanol. Solvents A and B all contain 15 mM of sodium acetate, pH 4.0. An initial mixture of 91 % A and 9 % B at a flow rate of 0.8 mL/min was used. The linear gradient was changed progressively by increasing to 45 % B at 22 min, to 79 % B at 26 min, and to 100 % B at 26.1 min. The mobile phase of 100 % B was run at 1.25 mL/min until 36 min and then rapidly switched to 9 % B with flow rate to 0.8 mL/min in preparation for the next run. The eluent was monitored using an ESA 5600A Coulochem electrode array system with potential settings at 100, 200, 300, and 400 mV. The analytes were quantified by comparing the peak heights with those of the serum standard, which contained predetermined quantities of different forms of tocopherols, tocotrienols, and their metabolites and were run for every six samples to serve as standards and quality control samples for the HPLC.
Statistical methods
Non-compartmental methods were applied to determine pharmacokinetic parameters, and segmented AUC results between samples were determined by the trapezoid rule. We used paired t-tests to test the differences between day 14 and baseline measurements of total, low-density lipoprotein, and high-density lipoprotein cholesterols and triglycerides. Anderson-Darling tests were used to check that the normality assumption of the t test holds on the paired differences for each outcome.
Results
Single-dose study
For the single-dose study (n = 18), we recruited three participants for each treatment group (200, 400, 600, 800, 1200, and 1600 mg). The median age was 29 years (range 21-58 years). The majority of the participants were women (n = 12) and Caucasian (n = 12). Table 1 lists the baseline characteristics of the single-dose study participants.
Multiple-dose study
For the multiple-dose trial (n = 18), we recruited three participants for each dose level (200, 400, 600, 800, 1600, and 3200 mg), with VEDT taken in two divided doses for 14 days. The median age was 25 years (range 20-61 years). The majority of the participants were women (n = 15) and Caucasian (n = 12). Table 1 lists the baseline characteristics of the multiple-dose study participants.
Safety
In our single-dose study, there were no treatment-related adverse events. One patient had grade 1 oral pain that was unrelated to VEDT treatment.
In the multiple-dose study, VEDT was well tolerated. Six patients on the multiple-dose trial had grade 1 or 2 adverse events. No grade 3 or higher adverse events were noted. Grade 2 urinary tract infection and fever were reported in one patient each. One episode of grade 1 abdominal pain, diarrhea, hematoma, and urinary tract infection was noted. None of the adverse events were considered related to VEDT treatment.
Pharmacokinetics
In the single-dose study, we found a wide variation in the pharmacokinetic parameters ( Table 2 ). The mean plasma half-life varied from 1.7 to 5.9 h depending on the dose cohort. The mean half-life for the entire study cohort was 3.6 h (±3 h). The mean T max was from 4 to 9.3 h, with increasing time with higher doses, thus demonstrating a dose-dependent effect. In the single-dose study, no clear dose-dependent increase in AUC or C max was observed, with mean C max varying from 795.6 to 3742.6 mg/mL at various dose levels.
In the multiple-dose study, the mean C max for VEDT ranged from 493.3 ng/mL for the 100-mg cohort to 3746 ng/mL for the 1600-mg cohort. The plasma halflife varied from 2.3 to 6.9 h, depending on the dosing cohort. The mean T max was between 4.7 and 7.3 h for various dose levels. The values for the mean AUC to time infinity ranged from 2391.7 ng/h mL at the lowest dose to 60,718.3 ng/h mL at the highest dose level. The mean clearance was found to be between 141.1 and 559.2 L/h and mean volume of distribution between 34.4 and 78.1 L.
The mean AUC and mean C max appeared to demonstrate increases as the dosage increased, thus suggesting a correlation between these parameters and the dosage (Fig. 1) . However, this should be interpreted with caution because of the large interpatient variability of these pharmacokinetic parameters within several cohorts. Based on previously published information, we did witness secondary peaks that ultimately changed T max /C max values for several patients. This was presumably due to enterohepatic recirculation of VEDT.
Metabolites
Metabolite measurements were performed only on samples from multiple-dose trial participants (Table 3) . We found no significant differences in levels of α-, γ-, or δ-tocopherols in plasma after treatment with VEDT on day 8 compared to baseline. The levels of tocopherols were at least tenfold higher than tocotrienols at baseline. Regarding plasma tocotrienols, we found plasma levels of α, γ, or δ-tocotrienols to be significantly increased after treatment with VEDT compared to baseline (Fig. 2 ). Increases were observed in all three tocotrienol isoforms. We found no differences in levels of α-carboxyethyl hydroxychroman (CEHC) and γ-CEHC in urine or plasma between baseline and after treatment with VEDT on days 8 or 14. On the other hand, δ-CEHC was significantly increased from baseline in both urine and plasma samples after treatment (Fig. 3) . Regarding carboxymethylbutyl hydroxychroman (CMBHC), we found no differences in α-or γ-CMBHC levels in urine or plasma from baseline to posttreatment. Conversely, δ-CBMHC was significantly increased from baseline in both urine and plasma samples after treatment with VEDT.
Lipid profile
Because previous studies have indicated that tocotrienols have lipid modulating activity, total cholesterol, low-density lipoprotein, high-density lipoprotein, and triglyceride levels were measured at baseline (before administration), on days 8 and 14, and on follow-up visit. There were no statistically significant differences in any of these parameters from baseline to day 14. Mean differences of total cholesterol, low-density lipoproteins, high-density lipoproteins, and triglycerides were 7.5 mg/dL (95 % CI −2.6 to 17.6), 5.2 mg/dL (95 % CI −4.2 to 14.5), 2.1 mg/dL (95 % CI −2.0 to 6.2), and 0.9 mg/dL (95 % CI −16.6 to 18.4), respectively. Similarly, no differences were observed from baseline to follow-up visit.
Discussion
In this study, our goal was to determine the safety of different single doses and multiple-day doses of the pure form of VEDT and to determine the levels of the drug achieved in plasma. We found that patients tolerated the 1-day administration of VEDT at doses up to 1600 mg and the 14-day administration at doses up to 3200 mg/ day very well. No dose-limiting toxicities were observed in this study. There were no VEDT-related adverse events, and all other adverse events were grade 1 or 2. To our knowledge, this is the first trial to evaluate pharmacokinetic parameters and metabolites after administration of the pure delta isoform of tocotrienol. Previous studies assessing the pharmacokinetics have utilized a mixture of different isoforms of tocotrienols rather than a single pure form of tocotrienol [3, 4, 13] . We had recently reported the results of a phase I trial in 25 patients with resectable pancreatic cancer who received VEDT at escalating doses (200-3200 mg) for 14 days prior to surgical resection [23] . Similar to this study, no dose-limiting toxicities were observed. One patient had a treatment-related adverse event (diarrhea).
Our pharmacokinetic study suggested a possible doseresponse relationship, with increasing AUC and C max with higher doses in the multiple-dose trial. Although there was a large interpatient variability, our half-life and relatively short time to T max results with pure VEDT are similar to prior reports that used a mixture of tocotrienols [18, 20] . Furthermore, we did not observe a dose-dependent increase in pharmacokinetic parameters in our single-dose VEDT study, which could possibly be secondary to unknown factors affecting the metabolism of VEDT and differences in meal intake. More importantly, the concentrations obtained in plasma in the present study are comparable to those obtained in mice treated with VEDT in which tumor growth was delayed and apoptosis was induced [10] .
In this study, we found that levels of α, γ, or δ-tocotrienols are increased after treatment with VEDT, suggesting that VEDT is partially converted to α-and γ-tocotrienols. There was little change in either of the tocopherol levels, implying that only limited quantities, if any, of VEDT are converted to tocopherols. The final products of metabolism of both tocotrienols and tocopherols are CEHC derived from its precursor CMBHC. The structure of CEHC implies that degradation occurs by ω-hydroxylation followed by β-oxidation. In terms of metabolites, the levels of δ-CEHC and δ-CMBHC were significantly increased after administration of VEDT with no significant alteration in α-or γ-CEHC and CMBHC. This suggests that the majority of VEDT is metabolized rather than converted to other forms of tocotrienols. The metabolites were present in the plasma and urine even 12 h after the last dose. There was a dose-dependent increase in the levels of δ-CEHC and δ-CMBHC after treatment with VEDT. The levels of metabolites were 30-60 times higher than that of δ-tocotrienol. δ-CEHC and δ-CMBHC in urine or plasma can potentially be used as biomarkers in future clinical trials.
Tocotrienols may have cholesterol-lowering effects by inhibiting the hepatic enzymatic activity of β-hydroxy-β-methylglutaryl coenzyme A reductase through posttranscriptional modification [19] . Administration of a tocotrienol-rich fraction for 5 weeks resulted in dose-dependent decreases in total cholesterol, low-density lipoprotein cholesterol, and triglycerides [21] . In our trial, we found no differences in the lipid profile after treatment with VEDT for 14 days. This could be secondary to the short exposure time to VEDT or ineffectiveness of a consistent cholesterol-lowering effect of VEDT in humans. In addition, some of the δ-tocotrienol could have converted to tocopherols, potentially attenuating the lipid-lowering effect of tocotrienols as α-tocopherol has been shown to induce the activity of β-hydroxy-β-methylglutaryl coenzyme A reductase [19] .
We have previously demonstrated that VEDT delays the progression of pancreatic cancer and improves the survival of genetically engineered mouse models of pancreatic oncogenesis [8, 9] . The anticancer activity of VEDT is associated with targeting of multiple oncogenic signaling pathways, including Ras, PI3 K/AKT, NF-kB, TRAIL, and c-FLIP [8, 11, 24] . In the K-Ras-driven genetically engineered models of pancreatic cancer, VEDT inhibited the downstream targets of Ras, including AKT and ERK. In addition, tocotrienols have been shown to inhibit development of micrometastatic disease by their action on tumor cell invasion, angiogenesis, and cancer stem cells [7, [15] [16] [17] 22] . Furthermore, VEDT has been demonstrated to augment the activity of gemcitabine in pancreatic cancer [11] . In the recently conducted neoadjuvant trial in patients with pancreatic cancer, we demonstrated that administration of VEDT induced apoptosis in neoplastic cells as measured by increase in caspase-3 levels [23] .
In conclusion, VEDT was well tolerated as a single dose and as a 14-day twice daily regimen. To our knowledge, these are the first trials to report pharmacokinetics and measurement of metabolites after administration of VEDT. Our results regarding urine and plasma metabolites suggest their potential use as biomarkers. In addition to further clinical trials needed to elucidate the role of VEDT in cancer prevention and treatment, we aim to evaluate its role in 
